Seasonal bird (Aves) migration between breeding and wintering areas, often located on different continents, can facilitate the spreading of tick species (Acari: Ixodida) and of tickborne pathogens. The aim of the study was to analyse the occurrence of ticks dispersed by birds migrating along the Polish Baltic coast during spring and autumn migration. Field research was conducted at the bird ringing station in Wicie, located on the middle of the Polish Baltic coast, in 2011 and 2012 during spring and autumn migration. A total of 2657 birds from 45 species was examined. The most common species inspected were European robin (Erithacus rubecula) (63.3%), song thrush (Turdus philomelos) (5.13%), and goldcrest (Regulus regulus) (4.5%). Overall, 3129 ticks belonging to six species were collected: Ixodes ricinus (1650 larvae, 1390 nymphs and 1 male), Ixodes frontalis (20 larvae, 20 nymphs), Ixodes arboricola (35 larvae), Dermacentor reticulatus (1 larva), and Haemaphysalis punctata (1 nymph). Ten larvae and one nymph could only be identified to the genus level Ixodes. Ticks were located on various parts of the head: on the corner of the beak (75.0%), near the eyes (14.6%), on the chin (4.4%), near the ears (4.4%), on the neck (1.1%), and in the beak (0.5%). The overall tick prevalence was 40.5%. The highest prevalence was for bird species feeding on the ground, covering a medium distance to wintering grounds and migrating at night. Statistically significant differences between the number of ticks and the sex of the host species were detected in blackbirds: males carried more parasites than females, both, during spring and autumn migration. The fact that I. ricinus and other ticks parasitize birds migrating through Poland extends the possibility of the spread of tick-borne diseases.
Introduction
The migratory behaviour of birds is one the most spectacular and incredible natural events. About 5 billion birds from circa 200 species undertake their journeys between the Western Palearctic and Afrotropic ecozones annually (Berthold 2001; Newton 2008) . Poland is located in a unique position, because, two migratory pathways intersect. Some bird populations from the Scandinavian Peninsula fly across the Baltic Sea and Poland, selecting the Eastern migratory route across the Bosphorus Strait to the South. Others fly from NorthEastern Europe alongside the Baltic coast selecting the Western migratory route via the Gibraltar Strait (Berthold 2001; Newton 2008) .
Birds can carry various types of ectoparasites, such as bird lice (Mallophaga) or quill mites (Acari: Prostigmata: Syringophilidae) for thousands of kilometers (Daniel et al. 1997) . Long term, regular bird migration research shows that particular species and life stages of ticks (Acari: Ixodidae) are also transported over long distances and across geographical barriers. The biggest proportion are larvae and nymphs (Nuorteva and Hoogstraal 1963; Hoogstraal at al. , 1964 Kahl 1971; Walter et al. 1979; Špitalská et al. 2006; Nowak-Chmura 2012) . The prevalence of tick infestation may reach 60% of migrating birds depending on the species (Nuorteva and Hoogstraal 1963; Hoogstraal at al. , 1964 . Because of parasitic spreading and (probably) climate change, the probability of occurrence of new parasitic species in natural fauna and consequent spreading zoonosis may increase (Gray et al. 2009; Fuller et al. 2012) .
The aim of this paper was to analyse tick distribution on birds during spring and autumn migration along the Polish Baltic coast, the estimation of host specificity for particular tick species of different life stages and the estimation of intensity of infestation. The scope of the paper includes an assessment of tick localization on birds and an investigation of whether the feeding preference, migration distance and the diurnal rhythm of migration of different bird species influences tick encumbrance. The paper also examines tick infestation according to bird sex. The potential impact on tick borne pathogens is described in another paper (Ciebiera et al. in preparation) .
Materials and methods

Sample collection
Birds were trapped during migration at the "Fundacja Wspierania Badań nad Wędrówkami Ptaków" (Bird Migration Research Foundation) ringing station. Field work was conducted in Wicie Village on the Polish Baltic Coast (N: 54°29′54,29″, E: 16°27′31,04″) during four migratory seasons: two spring seasons: from 07 to 12 April 2011 and 15 to 21 April 2012 and two autumn seasons: from 22 to 27 September 2011 and 24 to 28 October 2012. The ringing site is situated on the bird migratory routes across the Baltic Sea between the breeding areas in Northern Europe and the wintering areas in Southern Europe and Africa. Research on migratory species has been conducted in this region since the 1960s (Busse 2005) . During all seasons, about 450 linear metres of nets with mesh size 16 mm were used, usually placed in the same locations. The field work followed the standard protocol used by Operation Baltic and the SEEN network described in Zaniewicz and Rosińska (2015) and Busse (2000) . All nets were checked every hour from dusk to dawn. After species determination, the caught birds were aged and sexed (if possible) according to plumage 1 3 features (Busse 1984; Svensson 1992) , then ringed, and measured. The data collected included the level of fat deposits on a 9-point scale, wing and tail length, wing formula, and weight to the nearest 0.1 g. Afterwards, each bird was carefully inspected for the presence of ticks. All feeding ticks were removed by fine forceps and placed in an Eppendorf tube filled with 70% ethanol. Each tube was labelled with the individual bird ring number. The number of ticks and the place where it was feeding on the bird were also recorded. No bird was injured or died during the study. Ticks were sorted in the laboratory in the Faculty of Biological Sciences, University of Zielona Góra, where each tick was cleared and put in individual labeled tubes. Species or genus and life stage were determined by the use of a dichotomous key described in Siuda (1993) . For a full identification, a binocular microscope was used. After determining the species, each tick was then stored in a labelled tube with 70% ethanol for further epidemiological analysis. Recaptured birds were excluded from analysis. All bird species were divided into three ecological groups according to their feeding preferences during migration: Type 0-species which mainly feed on the ground or in low parts of plants, Type 1-species which feed in bush and shrubs and Type 2-species, which feed in the canopy of trees. Each bird species was also assigned to a migratory distance group (sedentary/local, medium and long) and a diurnal/nocturnal group (del Hoyo et al. 2017 ; Swiss Ornithological Institute 2018) (see Tables 1, 2 ). Birds species considered as sedentary/local migrants usually stay all year in the same region or migrate only short distances-usually do not reach the Mediterranean region from Poland for wintering (del Hoyo et al. 2017; Swiss Ornithological Institute 2018) . The medium distance birds reach the Mediterranean region, and the long distances group continue to central and southern Africa for wintering (del Hoyo et al. 2017; Swiss Ornithological Institute 2018) .
Bird sex and probability of ticks infestation
Five bird species were chosen for analysis of the relationship between the sex of the birds and the infestation rates: Cyanistes caeruleus, Parus major, Regulus regulus, Sylvia atricapilla and Turdus merula. These bird species exhibit sexual dimorphism in both juvenile and adult life stages and the number of birds trapped allowed statistical analysis.
Statistical analysis
Statistical analysis was performed by Statistica 10 Software and Excel 2010. Statistical tests were used according to Zar (1999) .
Results
During four migration seasons 2657 birds of 45 species were captured (Tables 1, 2). 3129 ticks were collected from 1076 birds of 25 species, giving a prevalence of 40.5% of the total individuals examined. A mean of 2.9 ticks was recovered per infested bird. In total, 1716 larvae, 1412 nymphs and 1 adult male tick were collected. The dominant species was Ixodes ricinus (L.) (1650 larvae, 1390 nymphs, 1 adult male) followed by Ixodes frontalis (Panzer) (20 larvae, 20 nymphs), Ixodes arboricola Schulze et Schlottke (35 larvae), Dermacentor reticulatus (Fabricius) (1 larva) and Haemaphysalis punctata Canestrini et Fanzago (1 nymph). A further 10 larvae and 1 nymph were determined as Ixodes sp. Morphological characteristics of four individual larvae from this group were very similar to Ixodes Table 1 The total number of birds examined and the prevalence, invasion intensity and abundance of tick species in spring migration in 2011 caledonicus Nuttall, but this needs further investigation (those individuals were included in the Ixodes sp. group). Tick distribution was fractionally different between the spring and autumn migration. In spring 1665 birds of 31 species were captured and 1728 ticks were collected from 679 infested birds of 21 species (Table 1) . 10 bird species carried no ticks (birds individuals checked): Accanthis flammea (1), Aegithalos caudatus (1), Alcedo atthis (1), Certhia familiaris (2), Dendrocopos major (1), Emberiza schoeniclus (6), Luscinia svecica (1), Periparus ater (3), Phylloscopus trochilus (18) and Sittta europaea (1). The tick prevalence was 40.7% of birds examined and the mean intensity was 2.5 ticks per bird. Tick species diversity was 1676 (768 larvae, 907 nymphs, 1 adult male) I. ricinus, 40 (20 larvae, 20 nymphs) I. frontalis, 6 (5 larvae, 1 nymph) Ixodes sp., 1 D. reticulatus larva and 1 H. punctata nymph.
In autumn 992 birds of 40 species were captured and 1401 ticks were collected from 397 infested birds of 18 species (Table 2) . 22 bird species carried no ticks (birds individuals checked): Acrocephalus schoenobaenus (1), Aegithalos caudatus (17), Anthus trivialis (1), Asio flammeus (1), Asio otus (1), Bombycilla garrulus (1), Certhia familiaris (7), Coccothraustes coccothraustes (1), Emberiza citrinella (2), Emberiza schoeniclus (4), Fringilla montifringilla (1), Gallinago gallinago (4), Hirundo rustica (1), Locustella fluviatilis (1), Lophophanes cristatus (2), Periparus ater (2), Phoenicurus phoenicurus (1), Phylloscopus collybita (15), Phylloscopus trochilus (6), Pyrrhula pyrrhula (6), Regulus ignicapilla (1) and Sylvia borin (8). The tick prevalence was 40.0% of birds examined and the mean intensity was 3.5 ticks per bird. Tick species diversity was 1365 (882 larvae, 483 nymphs) I. ricinus, 35 I. arboricola larvae and 1 larva of Ixodes sp.
As stated above, during spring migration, a total of 1728 ticks was collected: 929 (53.8%) nymphs, 798 (46.2%) larvae and 1 (0.1%) adult male. During autumn migration, a total of 1401 ticks was collected: 483 (34.5%) nymphs and 918 (65.5%) larvae. There was no significant difference between the prevalence of ticks in birds migrating in spring and in autumn (χ 2 = 0.15; df = 1; p = 0.69), while differences in abundance of tick stages (excluding 1 adult male) were statistically significant (χ 2 = 116.56; df = 1; p < 0.001). The probability of parasitism by ticks was significantly higher in the medium distance migrants (2) than in local/sedentary and long-distance migrants (χ 2 = 119.05; df = 2; p < 0.001). When the same analysis was conducted excluding E. rubecula (which was superdominant in medium distance migrants) the analysis nevertheless confirmed the highest probability of parasitism in this group (χ 2 = 55.35; df = 2; p < 0.001). The prevalence was significantly higher in bird species feeding on the ground and in the lower parts of plants (habitat type 0), than in other habitat groups (χ 2 = 255.15; df = 2; p < 0.001).
Nocturnal migrants had a higher prevalence of tick infestation than diurnal migrants and species that start their migratory flight at night and continue during the day (χ 2 = 73.124; df = 2; p < 0.001).
Four bird species were chosen for the analysis of tick prevalence with respect to bird sex (P. major, R. regulus, S. atricapilla and T. merula). There was a significant difference between tick prevalence and sex for T. merula but not for the other three species (P. major (χ 2 = 0.22; df = 1; p = 0.64), R. regulus (χ 2 = 0.33; df = 1; p = 0.56), S. atricapilla (χ 2 = 0.09; df = 1; p = 0.75)). Male T. merula were more frequently infested with ticks (χ 2 = 10.93; df = 1; p < 0.001) than females and this was true both, for spring (χ 2 = 10.93; df = 1; p < 0.001) and autumn (χ 2 = 5.92; df = 1; p < 0.05). All ticks were localized on the birds' heads: 75.0% (2346 individuals) on the corner of the beak, 14.6% (458 individuals) on the eye ring, 4.4% (138 individuals) on the chin, 4.4% (139 individuals) on the ear opening, 1.1% (33 individuals) on the nape and 0.5% (15 individuals) inside the beak.
Discussion
During seasonal migration between the Western Palearctic and Afrotropic ecozones, birds have direct contact with several specific environments from tundra and taiga in the North to savannah and tropical forests in the South. Those specific habitats are also living places for many tick species. Some of the latter are closely or casually associated with migrating birds, which also play a fundamental role in the global dispersal of these ectoparasites (Hasle 2013) . The dispersal of ticks over long distances can be influenced by bird species, their migratory distance, migration speed and their migration route. Migratory speed is faster in spring when birds are returning to breeding areas. For example, the spring migration of blackcap S. atricapilla from Mid-Africa to Northern Europe takes approximately 34 days (Mikula et al. 2011) . The migratory speed for robin E. rubecula is circa 100 km/ day (del Hoyo et al. 2017) . On the other hand, feeding by ticks can take from a few hours to several weeks depending on the tick species and the stage in its life cycle. The dispersal of ticks beyond their normal range is a common phenomenon, but rarely confirmed (Siuda and Dutkiewicz 1979; Siuda and Szymański 1991; Laakkonen et al. 2009 ). Our study showed that bird species that perform a medium distance migration play a significant role in tick dispersal in comparison to short and long distant species. Other studies from Europe also confirmed that medium-distant birds have the highest prevalence of ticks (Nuorteva and Hoogstraal 1963; Mikula et al. 2011; Gryczyńska 2002; Kjelland et al. 2010; Ciebiera and Jerzak 2011; Hasle et al. 2011) .
In this study, bird species were divided into three groups: nocturnal migrants, diurnal migrants and species that start their migratory flight at night and continue during the day. The tick circadian rhythm related to the daily light cycle, the changes in temperature, and differ in relation of latitude on bird migratory routes. Our study confirmed that night migrants are associated with a higher prevalence of ticks than those species that only migrate by day. This may have a direct casual connection with tick circadian activity. Peaks of circadian activity of I. ricinus in Poland occurred between 23:00-24:00 and 8:00-9:00 (Nowak et al. 2009 ). Presumably, night migrants are more exposed to ticks during their morning peak activity when feeding, than either day or night/day migrants are.
Generally, nocturnal migratory birds carried more ticks than diurnal and night/daily migrants. This phenomenon might be important for the transfer of ticks (and associated pathogens) among migratory stop-overs, but more multifaced studies are required to clarify this.
Five tick species were found on migratory birds on the Polish Baltic Coast in 2011 and 2012. Ixodes ricinus was the most abundant species of tick on migratory birds during the study. The northward, spring migration is characterized by a higher number of this tick species and a higher number of nymphs compared to the southward, autumn migration (Siuda 1993; Nowak-Chmura et al. 2012; Hornok et al. 2014a, b; Sándor et al. 2014) . Ixodes ricinus is one of the most abundant tick species in central Europe (Hasle et al. 2009 ). Considering that the majority of larvae and nymphs were in an initial feeding phase, these ticks probably came from areas nearby. The number of tick species on birds is different for particular migration routes. In the Scandinavian region one species-I. ricinus is dominant, however other species were found on migratory birds (individual cases)-Hyalomma 1 3 rufipes, I. arboricola, I. frontalis, Dermacentor sp. (Hasle 2013; Comstedt et al. 2006) , I. lividus (Comstedt et al. 2006) . In Central Europe, where migration routes cross, I. ricinus still dominates and other species are also recorded: I. frontalis, I. arboricola, I. eldaricus (Nowak-Chmura et al. 2012) , H. marginatum (Siuda and Dutkiewicz 1979) , I. festai (Siuda and Szymański 1991) , D. reticulatus (present study), H. punctata (Lachmajer et al. 1956; present study) . In Western Europe and in the Western Mediterranean basin however, the most frequently occurring tick species on birds is H. marginatum. Other species were recorded in lower numbers : I. ventalloi, I. frontalis, Rh. turanicus, H. punctata, I. ricinus (Oscar-Jimenez et al. 1998; Santos-Silva et al. 2006) . In Morocco 8 ticks species were observed on birds: H. marginatum, H. aegyptium, R. turanicus, H. punctata, I. festai, I. ricinus, I. frontalis, Argas persicus (Bailly-Choumara et al. 1976; Palomar et al. 2016) . On the eastern migratory route in Hungary I. ricinus, H. punctata and Hyalomma sp. were found on birds during migration (Hornok et al. 2014a, b) . In the Danube Delta I. ricinus was dominant, however I. arboricola, I. redikorzevi and H. punctata also occurred (Sán-dor et al. 2014) , in Greece I. frontalis, I. acuminatus, H. aegyptium and H. marginatum were recorded (Diakou et al. 2016) . In Egypt and Cyprus detailed research by Nuorteva and Hoogstraal (1963) , Hoogstraal et al. (1963 Hoogstraal et al. ( , 1964 , Kaiser et al. (1974) indicated that birds are able to transport at least 13 ticks species H. rufipes, A. variegatum, Ixodes spp. I. ricinus, I. frontalis, I. redikorzevi, H. punctata, H. sulcata, H. inermis, H. aegyptium, H. marginatum, H. anatolicum, H. excavatum, H. dromedarii. In the South Africa region, there is still a lack of information on ticks of migratory birds. Ticks function as reservoirs of pathogenic microorganisms (Nowak-Chmura 2013) . Thus the potential of pathogens to spread between geographical regions is real.
Adult ticks very rarely attack birds (one case of a I. ricinus adult male on E. rubecula in the present study). Adult ticks occasionally parasitize migratory birds, which has been observed at other ringing stations on the Western and Eastern European migratory routes (Nuorteva and Hoogstraal 1963; Hoogstraal et al. 1964; Mikula et al. 2011) . Other Polish studies from the Baltic coast also confirm sporadic adult ticks during spring migration, e.g. one female of I. arboricola and 2 females and one male I. eldaricus (Nowak-Chmura 2012).
The total prevalence of tick infestation from 2011 to 2012 at Wicie ringing station, Poland, was 40.7% in spring and 40.0% in autumn. Similar levels of infestation have been recorded in other Western and Eastern bird migration routes in Europe (Nuorteva and Hoogstraal 1963; Hoogstraal et al. 1964; Kahl 1971; Kaiser et al. 1974; Walter et al. 1979; Osacar-Jimenez et al. 1998; Comstedt et al. 2006; Mikula et al. 2011; Nowak-Chmura et al. 2012; Movila et al. 2013; Sándor et al. 2014; Ciebiera et al. 2014) . The tick prevalence on migratory birds on the Polish Baltic coast has increased from 31% in spring and 22% in autumn since 1981 ). This increase may be directly related to climate change in Central Europe. Recent studies show that the range of I. ricinus has extended to 66°N latitude in Sweden from 61°N since the end of the twentieth century (Gray et al. 2009 ).
In case of the Polish Baltic coast, the ground feeding, medium distant and night migrating birds are the most important hosts for the majority ticks of all developmental stages. In addition, ground feeding birds have a five times higher prevalence of ticks than other bird groups. According to Biernat et al. (2016) ground feeding birds are responsible for ticks infected with Rickettsia sp., while similar results by Gryczyńska and Wlec-Falęciak (2016) , indicated that blackbirds played an important role as carriers of ticks infected with Borrelia burgdorferi s.l. genospecies in the natural environment.
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The highest prevalence of larvae was observed during autumn migration while nymphal stages were highest during spring migration. These differences were statistically significant. A similar situation has been observed by other authors (Nuorteva and Hoogstraal 1963; Kahl 1971; Walter et al. 1979; Špitalská et al. 2006; Nowak-Chmura et al. 2012 ). The high proportion of larvae during autumn migration can be explained by the annual life cycle of I. ricinus ticks. Larvae appear in the habitat after a spring peak of adult activity. The majority of these larvae then moult into nymphs before winter and nymphs then find another host in spring.
We analyzed the prevalence of ticks in males and females from selected bird species. Only Blackbird T. merula males had more ticks than females, both, during spring and autumn migration (the difference was statistically significant at the 5% level). This is the first time that this has been described in literature. The blackbird is a ground feeding bird, which forages for earthworms, insects and larvae and other invertebrates, but also fruits and seeds (del Hoyo et al. 2017 ). Sex differences in prevalence could be explained by differences in feeding strategies between the sexes in this species. Further study in this area is required.
All ticks were located on the birds' heads, especially on the corners of the beak and on eye ring and occasionally on the neck and inside the beak. The delicate, unfeathered skin in the corners of the beak is very well supplied with blood. Moreover, birds cannot remove these ticks using beak or claws. Many other authors confirm the highest occurrence of ticks in the beaks corners during their studies (Hasle et al. 2009; Nowak-Chmura et al. 2012; Sándor et al. 2014 ).
In conclusion, our study results highlight the significant role of migratory birds in tick dispersal on migratory routes and indicate its epidemiologic importance in the natural environment. Transport of ticks by migratory birds is a common event especially for the ground feeding, medium distant and night migrating species.
